In this study, a side-stream process with anoxic/aerobic tanks was designed as a denitrifying enhanced biological phosphorus removal wastewater treatment technology (denitrifying EBPR) to be evaluated for its performance in phosphorous (P) removal as compared to a modified side-stream process using contact/ stabilization tanks (modified EBPR). Under variable P and ammonia-nitrogen loadings, the microbial community structure, dominant taxonomy, and community dynamics were assessed with the aid of realtime PCR analysis and MiSeq high-throughput sequencing aimed specifically at the major polyphosphateaccumulating organisms (PAOs) and glycogen-accumulating organisms (GAOs). The inclusion of an anoxic tank for the denitrifying EBPR process increased the efficiency of P removal by reducing the amount of nitrate entering the anaerobic tank, which led to increased P removal of 67.9-78.6% compared to 35.2-68.4% for the modified EBPR under various P and ammonia loading conditions. PCR analysis showed that the increased P removal performance of the denitrifying EBPR under increased ammonia loading may be attributed to higher abundances of PAO clade I organisms. MiSeq sequencing analysis indicated that the influent water composition played an important role in the microbial community structure; however, there was an increase in genetic differences between the two systems under high ammonia and P loadings.
Introduction
Phosphorus (P) can be a growth-limiting nutrient in surface water bodies, however, excess P causes eutrophication in these waters making its removal from municipal wastewater an important aspect in wastewater management. Traditional activated sludgetype wastewater treatment plant processes were not designed specically for P removal, and thus only remove very limited P from wastewater through cell synthesis. 1 To minimize the P release in treated wastewaters, wastewater engineers developed a modied activated sludge-type process known as "enhanced biological phosphorus removal (EBPR)" for increased P removal as compared to the activated sludge process. The EBPR process utilizes cyclic anaerobic and aerobic conditions to promote the growth of polyphosphate accumulating organisms (PAOs) that can accumulate P in excess of their normal metabolic requirements and store it in the form of intracellular polyphosphate.
2,3
These organisms are then settled out thereby reducing treated wastewater P concentrations. Despite this advantage of EBPRs, a competitor of PAOs oen exists in these treatment systems referred as glycogen accumulating organisms (GAOs). Treatment processes with abundant GAOs result in reduced P removal given they compete with PAOs for volatile fatty acids (VFA) needed for the phosphate uptake process.
EBPR processes have been developed using various reactor congurations including anaerobic and aerobic tanks. In mainstream EBPR processes, P removal is achieved by removing waste sludge microorganisms including PAOs that have accumulated polyphosphate. In contrast, side-stream EBPR processes (e.g., Phostrip process) employ an anaerobic tank that leads to the release of P from the PAOs taken from the nal settling tank sludge and separates the concentrated P liquid via surface overow.
1 This anaerobic tank also provides additional readily biodegradable COD (rbCOD) from cell lysis for the synthesis of polyhydroxyalkanoates (PHAs) that promotes efficient P uptake for PAOs when it is recycled to the aerobic tank by providing a carbon and energy source. Additionally, side-stream processes have gained popularity for their ability to recover P in the form of struvite that can be sold commercially for use in fertilizer. 4 Recently, a modication of the side-stream process (modied EBPR) included the addition of an aerated stabilization tank prior to the anaerobic tank to help promote the growth of PAOs and increase their P uptake from the settling tank concentrated sludge.
5
Due to growing wastewater discharge standards, recent efforts have been made in the development of novel processes that enhance P removal in conjunction with improved nitrogen (N) removal. The N in municipal wastewater is in the form of ammonia that is nitried in the aerobic tank simultaneously with P uptake by PAOs. However, the resulting nitrate is then denitried in the anaerobic tank with the denitrifying bacteria depleting VFAs needed for PHA synthesis and P release, thus hindering the EBPR performance. Therefore, denitrifying EBPR technologies have become emerging processes for wastewater to help minimize the impact of nitrate. 6 For example, an upstream anoxic tank could lead to the reduction of the nitrate entering the anaerobic tank while also increasing P removal through anaerobic-anoxic cycling with nitrate or nitrite being used as electron acceptors by denitrifying PAOs (DPAO).
7 However, DPAOs have slower cell growth rates than PAOs under anaerobic/aerobic conditions. 8 Other issues in the denitrifying EBPR process include denitrication intermediates such as nitrite and free nitrous acid having inhibitory effects on PAOs.
9-11 Therefore, it is not clear whether denitrifying EBPR processes can efficiently remove both P and N simultaneously. Furthermore, fundamental questions remain to be answered about the distribution and abundance of the various PAOs and GAOs subgroups in denitrifying EBPR processes and their response to changes in operating conditions such as variable N and P inuent loadings. It has been reported that Candidatus accumulibacter, Tetrasphaera, Rhodocyclus, Dechloromonas genera of the order of Rhodocyclales are related to PHA/PHB storage and polyphosphate accumulating from a biological P removal reactor.
12-15 Among them, members of Dechloromonas have also been reported as denitrifying PAO which can uptake acetate and act as denitriers; and during denitrication, these species can uptake phosphorous with nitrate acting as an electron acceptor. 16 Two lineages of GAOs, the alphaproteobacterial Deuviicoccus-related lineage and the gammaproteobacterial 'Candidatus competibacter phosphatis' lineage, have been described in EBPRs as competitor with the PAOs for available carbon source 3, 17 All of the GAOs identied so far have been shown capable of using nitrate as an electron acceptor in addition to oxygen.
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The main objective of the current study was to identify the side-stream EBPR that provided the best performance for the treatment of municipal wastewater with various N and P loadings while also exploring the mechanisms behind the treatment processes through identication of microbial communities. To meet this objective, two side-stream EBPR processes ( Fig. 1 ) with contact/stabilization and anoxic/aerobic tanks were operated as modied EBPR and denitrifying EBPR processes, respectively. The modied EBPR targeted the P removal while denitrifying EBPR was used for both P and N removal. These side-stream EBPR processes were operated in parallel to compare their performance as demonstrated by chemical oxygen demand (COD), N and P removal rates. The microbial community dynamics were assessed for the various operating conditions using MiSeq high-throughput sequencing and real-time quantitative PCR (qPCR) with focus on the major PAOs and GAOs. 
Experimental

Wastewater collection and characterization
Treatment process operation
The modied and denitrifying EBPR treatment processes are shown in Fig. 1 . The modied EBPR (Fig. 1A) was the side-stream process that employed a aerated stabilization tank for the sludge in nal settling tank as described previously. 5 The denitrifying EBPR included an anoxic-aerobic setup for improved inuent N removal, followed by a settling tank to separate treated wastewater and high P sludge due to PAO polyphosphate storage (Fig. 1B) . The P release from the sludge occurred in an anaerobic tank and the concentrated P was collected via surface overow of the supernatant for potential P recovery. Mass balance was used to calculate the owrate of inow and outow for each reactor to regulate the processes. Peristaltic pumps (Cole-Parmer, QC, CA) with Masterex tubing (Cole-Parmer, QC, CA) were used for all process ows The NaOAc (4000 mg L
À1
) was added into the anaerobic tanks of both systems at 0.4 mL min À1 as a carbon source to promote PHA accumulation and P release. Recirculation ratios of 0.35 were set for recycling the sludge in anaerobic tanks to the contact/aerobic tanks for both EBPRs. More details regarding tank conguration and the operation conditions can be found in both Tables 1 and S2 . † An air pump with ne bubble air diffusers was used in the contact tank and stabilization tank of the modied EBPR and the aerobic tank in the denitrifying EBPR to maintain a dissolved oxygen (DO) concentration of 3 to 4 mg L À1 by adjusting air owrate. By using a mechanical mixer in the anoxic tank of the denitrifying EBPR, the DO level was kept under 0.5 mg L À1 by changing the mixing speed. Additionally, the target solid retention time (SRT) of 10 days was maintained for both systems by wasting sludge from anaerobic tanks. Aer seeding the aerobic tank with the GWTP sludge, the treatment process was run continuously for 4 months under various loading conditions to evaluate the impact of N (as NH 4 + -N) and P (as PO 4 3À -P) on the process performance. Each stage was operated until reaching steady-state as determined by PO 4 3À -P removal rates becoming constant (at least 3 weeks) using identical operating conditions outlined above. P uptake and release rate from different tanks was determined by calculating difference between P inow and P outow per unit of time.
Water chemistry analysis and microbial characterization in two EBPRs
The EBPR performance for the overall process and each of the individual tanks were evaluated using various chemical and physical parameters of the feed and treated wastewaters as shown in Fig. 1 . Aer water samples were ltered by using nylon membrane lters with pore size of 0.2 mm (Fisher Scientic Company, ON, CA), the COD, NH 4 + -N, P (reactive and total P), nitrite nitrogen (NO 2 -N), nitrate nitrogen (NO 3 -N) and total nitrogen (TN) were measured in duplicate two times per week using Hach kits (Hach Canada Ltd., ON, Canada). Biomass concentration (mixed liquor volatile suspended solids (MLVSS)) in the reactors, were measured in duplicate according to the standard methods. 20 The redox potential, alkalinity and pH were also measured twice a week using a pH/alkalinity/redox potential measurement instrument (SevenMulti™, MettlerToledo, OH, USA). DO concentration in each reactor are monitored every day by using a potable DO meter (Orion Star™, Thermo Scientic, MA, USA). P uptake and release rate from different tanks was determined by calculating difference between P inow and P outow per unit of time. Once the steady-state in each stage was reached, the sludges from contact, stabilization and anaerobic tanks of modied EBPR and anoxic, aerobic and anaerobic tanks of denitrifying EBPR were collected in triplicates (from three consecutive days) and analyzed for microbial community structures by using real-time quantitative PCR (qPCR) and Illumina MiSeq analysis aer DNA extraction (PowerSoil® DNA Isolation Kit, Mo-Bio Laboratories, CA). The data of water quality, biomass concentration and microbial abundance from qPCR was analyzed statistically using ANOVA at a signicance level (a) of 0.05.
The qPCR was conducted with a Bio-Rad CFX96 real-time PCR system with a C1000 Thermal Cycler (Bio-Rad Laboratories, ON, CA). A total reaction volume of 20 mL was used for each reaction including 10 mL of 2Â SsoFast EvaGreen Supermix, 6 mL of sterile water, 1 mL of each primer with a concentration of 10 mM, and 2 mL of diluted sample DNA. The qPCR program consisted of an initial 3 min denaturation at 95 C, followed by 35 cycles of denaturing at 94 C for 30 s, annealing for 45 s and extension at 72 C for 30 s was used to amplify the Accumulibacter ppk1 genes. 21 The primer sets for ppk1 genes and annealing temperatures are listed in Table S3 . † The abundance of the ppk1 genes was determined based on the qPCR using ppk1-specic primers that represent the abundance of Accumulibacter cells. Three qPCR assays were used to detect nitrifying bacteria, including the amoA gene of the ammonia oxidizing bacteria (AOB) and the 16S rDNA genes of two nitrite oxidizing bacteria (NOB) (Nitrospira spp. and Nitrobacter spp.). 22, 23 Four qPCR assays were used for quantication of denitrifying bacteria, targeting the nitrate reductase gene (narG), nitrite reductase genes (nirS and nirK), and the nitrous oxide reductase gene (nosZ). 24 A qPCR assay for total bacteria (16S rRNA of domain bacteria) was also conducted. 25 Primers for the qPCR assays of nitriers and denitrifers are listed in Table S4 . † The corresponding qPCR amplication program for each individual gene is summarized in Table S5 . † All PCR runs used plasmid standards for quantication. Standard plasmids containing target genes were constructed using a TOPO TA Cloning kit (Invitrogen Corporation, Carlsbad, California, USA). Reactions without the DNA template were used as negative controls.
Triplicated DNA samples from the steady state of each stage were pooled together for Illumina MiSeq sequencing in a commercial laboratory (Research and Testing Laboratory, Texas, USA) for identifying the microbial community structure using a previous method. 26 All DNA samples were diluted to 20 ng L
À1
; and about 28 mL of each sample was sent to the testing laboratory for sequencing. The sequencing was performed following the manufacturers guidelines using Illumina MiSeq sequencing instruments and reagents. The sequence was performed using a forward and reverse fusion primer by amplifying the V1-V2 hypervariable regions of 16S rRNA genes prior to Illumina sequencing. Further details on the sequencing are included in the ESI. † Aer sequencing, the sequenced data were analyzed based on the protocol provided by the laboratory (http://www. researchandtesting.com/docs/Data_Analysis_Methodology.pdf).
In brief, the raw sequenced data were denoised and processed for chimera removal (UCHIIME in de novo mode), clustered into operational taxonomic units (OTU) with 100% identity (0% divergence) using USEARCH for taxonomic identication. The Quantitative Insights Into Microbial Ecology (QIIME, http:// qiime.org) pipeline with default settings was also used for processing the raw sequence data. In this process, quality checking of raw sequenced data was performed followed by multiplexed reads of samples, picking OTUs (open-reference OTU picking) through making an OTU table with threshold of 0.97, summarizing communities by taxonomic composition, and nally analysis of diversity. UCLUST consensus taxonomy classier was used to identify representative OTU and taxonomic assignment followed by alpha diversity (diversity within a sample) and beta diversity (diversity among a group of samples) based on the OTU table. Jackknifed PCoA (principal coordinate analysis) plots with weighted UniFrac were also generated by Emperor by using OUT table.
3 Results & discussion (Table S6 † with a removal of 83.4% (Table S6 †) . The higher ammonia removal in the denitrifying EBPR may be attributed to the recirculation between aerobic tank and anoxic tank. Previous studies have demonstrated that the enhanced performance of the system due to the introduction of recirculation was attributed to the improvement in the mass transfer between the substrate present in the bulk liquid and the biomass.
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Without recirculation, the contact time between the wastewater and the biomass may not be adequate for the nitrifying bacteria to function in the modied EBPR. For stage 2 and 3, both systems achieved more than 99% NH 4 + -N removals as the inuent NH 4 + -N concentration decreased to less than 25 mg L À1 . Overall, when compared with the modied EBPR, the denitrifying EBPR showed its performance advantage for the treatment of wastewater with high ammonia concentrations. Interestingly, for the denitrifying EBPR the ammonia removal remained stable (>96%) for all stages regardless of P concentration in the inuent despite the suppression of denitrication based on high P loadings being reported previously. 31 In terms of TN, removal rates of 36.1%, 72.1% and 73.4% for the modied EBPR and 81.2%, 92.6% and 93.1% for the denitrifying EBPR were found for stages 1, 2 and 3, respectively. Clearly, the denitrifying EBPR is more effective at N removal than the modied EBPR, in addition to having good removal rates over 80% even with high loadings, making this process useful for treatment of N in municipal wastewaters.
Phosphorus removal.
In the rst 14 days of phase I (stage 1), lower P (both reactive P and total P) removal was found for the denitrifying EBPR ($27%) as compared with the modied EBPR ($34%) ( Fig. 2C and D) . This indicated that a longer acclimation time was needed for the denitrifying EBPR which may be attributed to the competition of VFAs from denitriers. However, at steady-state the total P (TP) removal of the denitrifying EBPR increased markedly to 69.2% promptly whereas only 35.2% removal was observed for the modied EBPR (Table  S6 † , respectively. Clearly, the denitrifying EBPR process shows a high rate of denitrication in anoxic tank. Previously it has been reported that the reduction of P release in the anaerobic tank could be caused by the competition between denitriers (including DPAOs) and PAOs for readily biodegradable carbon sources. 32 Compared with modied EBPR, the P release in the anaerobic tank of denitrifying EBPR was remarkably higher in all stages (Table 2) , which may be attributed to the reduced amount of nitrate entering the anaerobic tank (stages 1 and 2).
Additionally, the inuent P concentration had a noticeable impact on the P removal rates. When P 'shock' loading of 20.7 mg L À1 was applied (stage 3), the TP removal decreased from 68.4% and 78.6% (stage 2) to 56.7% and 67.9% for the modied and denitrifying EBPR systems, respectively (Table  S6 †) . To further analyze the P in each system, the P uptake and release rate from different tanks was determined as shown in the increased P loading (stages 2 to 3) in the anaerobic tanks, indicating that the P release limitation maybe the bottle neck in P removal at higher loadings. This result is similar to previous studies that showed that the inuent P concentration negatively impacted anaerobic PHA synthesis and, subsequently, limited P release during a denitrifying P removal process. 31 The decreased anaerobic P release, aerobic P uptake and sludge P content were also observed in another study when 40 mg L À1 P was present in the inuent, which might be attributed to the inhibited PAO proliferation and competition from GAOs. 33 
Characterization of microbial community
The biomass concentrations in the various tanks are shown in Table 3 . Aer settling tank, the concentrated sludge was observed in the stabilization tank of modied EBPR. MLVSS concentration of around 9000 mg L À1 was also witnessed in anaerobic tanks of both systems. Compared with the anoxic and aerobic tanks in denitrifying EBPR, higher biomass was maintained in the modied EBPR due to sufficient oxygen supply (DO: 3-4 mg L À1 ) in both contact tank and stabilization tank.
These results show the advantage of denitrifying EBPR in less energy consumption and low sludge production. The change of ammonia, P and COD concentration in the inuent did not affect the biomass concentration for the denitrifying EBPR. However, the biomass in contact and stabilization tanks decreased with the increase of COD/N ratio. Table S7 † has showed the relative abundance of nitriers, denitriers and PAOs by real-time PCR. Generally, Nitrobacter was identied as the most dominating NOB in both processes. In stage 1 the denitrifying EBPR tanks had higher abundances (%) of both NOB and denitriers as compared with the modied EBPR (p value < 0.05; Table S7 †), which might be indicative of the higher N removal for the denitrifying EBPR during this rst stage. However, aer the inuent NH 4 + -N concentration was decreased in stages 2 and 3 there were similar abundance of both NOB and denitriers in all tanks for both systems. It suggests that the denitrifying EBPR could favor the growth of NOB and denitriers in the reactors to enhance TN removal when ammonia concentration was high. Moreover, higher ratios of nosZ to 16S rRNA also indicated nitrous oxide reductase in denitrifying EBPR could minimize the production of greenhouse gas nitrous oxide (N 2 O) by DPAOs.
Quantication of nitriers, denitriers and PAOs by real-time PCR.
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Candidatus accumulibacter has been previously identied as the dominant PAOs in laboratory-scale EBPRs with the polyphosphate kinase (ppk) gene being primarily involved in the production of polyphosphate.
36 By using ppk gene sequence information, "Candidatus accumulibacter" strains can be grouped into six distinct clades, designated previously as clade I, IIA, IIB, IIC, IID, and IIF. 21 In this study, no Accumulibacter clades of IIC, IID and IIF were found in either EBPR system, thus only Acc I, Acc IIA and Acc IIB were assessed for each tank of each EBPR system (Fig. 3) . Clade I was the most dominant clade for all the tanks of two EBPR systems for all stages followed by Acc IIB. Previously, it was reported that "Candidatus accumulibacter" cells of clade I had nitrate reduction activity with P uptake whereas cells of clade IIA and IIB did not show similar activity.
37 Therefore, the high abundance of clade I might be attributed to the denitrication activities in both systems. Interestingly, for stage 1 the abundances of clade I were signicantly higher in the denitrifying EBPR compared with modied EBPR (p < 0.05; Fig. 3 ). During this stage the NH 4 + -N concentrations were higher and thus the clade I organisms might be able to couple nitrate reduction with P uptake during the denitrifying EBPR more effectively. However, no signicant differences between the clade I abundances were observed between the two systems during stages 2 and 3 as the NH 4 + -N in the inuent decreased. There was no substantial difference of clade IIA abundance in the different stages for the two systems while a substantial increase of clade IIB observed for stage 3 in most tanks may be associated with the P shock loading in the inuent.
Microbial community analysis by Miseq.
The Proteobacteria was the most dominant phylum in all stages accounting for 58.7-86.7% of the total bacteria in the anaerobic tanks for both EBPR systems (Fig. 4) . The Proteobacteria abundances mainly composed of the class b-Proteobacteria and g-Proteobacteria (Fig. 4) . However, the relative compositions of these two classes were variable among the different stages of operation which may be associated with the wastewater constituents. In both systems, the relative abundance of b-Proteobacteria showed a decreasing trend whereas the abundance of g-Proteobacteria showed an increasing one. Since all currently characterized ammonia-oxidizing bacteria (AOB) in the WWTP form a distinct phylogenetic group within the b-Proteobacteria, 38,39 the decrease of b-Proteobacteria may be attributed to decreased ammonia concentration in the inuent which resulted in reduced AOB abundance in the reactor. The Proteobacteria have extreme metabolic diversity and play key roles in the carbon, sulfur and nitrogen cycles. 40 Other than the Proteobacteria, the next most abundant phyla were Bacteroidetes followed by Spirochaetes and Firmicutes. The Bacteroidetes showed no differences in abundances between stages in the modied EBPR, but showed a slowly decreasing trend for the denitrifying EBPR which may be attributed to the increased abundances of Higher abundance of Spirochaetes in the modied EBPR might compete with PAOs more ercely for available carbohydrates, which resulting in reduced P removal. Further examination of the abundances of bacterial orders in both systems, it was observed that the most dominant bacteria orders during stage 1 were Burkholderiales and Rhodocyclales (Fig. 5) . Burkholderiales has been reported as the main organism for the bioremediation treatment of various aromatic contaminants such as naphthalene and phenanthrene. 43 The members of Rhodocyclales are widespread and abundant in wastewater treatment systems that can degrade diverse groups of aliphatic and aromatic compounds as well as nitrogen and phosphorous compounds. 44 Given the diverse aromatic pollutants in the municipal wastewater, the reduced raw municipal wastewater ratio in the inuent for stages 2 and 3 may contribute to the declined abundance of Burkholderiales and Rhodocyclales in stages 2 and 3 for modied EBPR as Burkholderiales and Rhodocyclales have been identied as the most dominating bacterial groups for the wastewater containing a range of aliphatic and aromatic organic compounds. 45, 46 In contrast, the declined trend of Burkholderiales and Rhodocyclales in denitrifying EBPR is not obvious, which might be attributed to its different system conguration. Additionally, several studies have proposed that Rhodocyclus-related bacteria are important PAO group in wastewater treatment plants. 47 These bacteria could be also enriched in lab-scale P-removing systems, where they took up acetate, formed PHA anaerobically, and grew and accumulated polyphosphate aerobically. Previous study showed that the proliferation of PAOs was inhibited under high P loading.
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Thus, the decrease of Rhodocyclales abundance in stage 3 may be also attributed to the high P concentration in the inuent. The increase of the abundances of Thiotrichales occurred in both the modied and denitrifying EBPR in stages 2 and 3. Thiotrichales are sulfur-oxidizing bacteria found in activated sludge systems causing sludge bulking.
48,49
Thiotrichales increasing in stages 2 and 3 in our study might be the early warning of sludge bulking which could be attributed to excessive amount of acetate in mixed wastewater which favored the growth of Thiotrichales.
50
Additionally, a jackknifed PCoA plot for each sample was used to indicate the genetic differences (distances) between microorganisms (Fig. 6) . It reveals that the inuent water composition played an important role in the microbial community structure as the microbial communities in the same stage were clustered together. Microbial samples in stages 2 and 3 have closer genetic distance due to more similar composition of the synthetic wastewater. The larger discrepancy between two systems was discovered in stages 1 and 3, indicating that those two systems have different response to the high ammonia and P concentration in the inuent.
The performance of the two EBPR systems was assessed via P removal, thus, assessment of PAO and GAO abundances is helpful in the understanding of the removal processes. Candidatus accumulibacter phosphatis have been the most frequently reported PAOs in the activated sludge-type systems at 6-22% of total abundances. 3, 51, 52 In this study, the abundance of Candidatus accumulibacter PAOs was less than 0.2% (Table 4) which is much lower than the average reported PAO. Given the high P removal was observed in the study, it suggested that other types of PAOs played a more important role. Previously, it was reported that DPAOs capable of performing simultaneous denitrication and anoxic P uptake with advantageous in saving aeration, reducing the demand for external carbon sources and minimizing sludge yield. 53 Thus, a part of phosphorous removal in the anaerobic tank may be executed by Rhodocyclus-related PAOs (denitrifying PAOs) such as Dechloromonas which reported previously. 54 It was noticed that Dechloromonas was the most dominant PAO for both systems, especially during stage 1 (Table 4) . Dechloromonas comprised up to 8.1% of the OTU's in anaerobic tank of denitrifying EBPR (stage 1) ( Table 4) . Dechloromonas-related bacteria have been detected in several EBPR processes and have been shown to accumulate PHA and polyphosphate. [55] [56] [57] The higher P removal in the denitrifying EBPR compared with modied EBPR in stages 1 and 2 may be attributed to the higher percent abundances of Dechloromonas PAOs (Table 4) . Specically, the Dechloromonas denitricans related DPAO were detected with higher abundance in the denitrifying EBPR (Table S8 †) . While the alternating anoxic and anaerobic conditions provided a suitable environment for DPAOs in the denitrifying EBPR, the anaerobic tank in the modied EBPR could also work as simultaneous anoxic and anaerobic conditions with both nitrate removal and P release occurring in the same tank.
The GAOs are known to compete with PAOs due to its uptake of VFA under anaerobic conditions, but no accumulation of polyphosphate under aerobic conditions.
58 Therefore, the presence of GAOs in the system may interfere with the accumulation of polyphosphate by PAOs, thereby impacting the general performance of the EBPR activity. 59 Candidatus competibacter phosphatis and Alphaproteobacteria GAOs are two major groups of GAOs identied in EBPRs.
3 Surprisingly, no Candidatus competibacter phosphatis were detected in both systems. However, two Alphaproteobacteria GAOs including Deuviicoccus and Sphingomonas related GAOs were detected in some tanks (Table 4) . Wong et al. found the deteriorated P removal performance in an acetate-fed anaerobic-aerobic membrane bioreactor was associated with Alphaproteobacteria GAOs. 60 In this study, Deuviicoccus were only detected in the stage 3 of the modied EBPR, suggesting that high P shock loading may stimulate its growth. Compared with low abundance of Deuviicoccus in both systems, much more Sphingomonas were detected in the stages 1 and 3 (Table 4) . Again, the increase of Sphingomonas ratio in the stage 3 may be attributed to P shocking loading. Previous study showed that long-term operation of the high phosphorus inuent inhibited the proliferation of PAOs, and more importantly provided GAOs a competitive advantage over PAOs. 33 The overall lower abundance of GAOs in the denitrifying EBPR than modied EBPR suggested the effectiveness of anoxic tank as a metabolic selector to inhibit the growth of GAOs.
Conclusions
The results showed that the high ammonia concentration in the inuent could lead to the accumulation of nitrate in the anaerobic tank, which could impact the P release thereby the overall P removal. Compared with modied side-stream EBPR, the denitrifying sidestream EBPR has showed more advantages in P removal especially under high ammonia and P loading. Dechloromonas related PAOs were dominant in both systems in this study with higher abundance in denitrifying EBPR. The inclusion of an anoxic tank also resulted in reduced abundance of dominating GAOs (i.e. Deuviicoccus and Sphingomonas), which resulted in the improved P removal.
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